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ABSTRACT We investigate space shift keying, which is a simple form of spatial modulation. The bit
error rate performance of line-of-sight (LOS) multiple-input and multiple-output (MIMO) was obtained
in the literature with orthogonal subchannels for indoor millimeter-wave (mmWave) communications. It is
essential to impose a rigid restriction on the distance between the transmitter and the receiver and antenna
spacing to maintain orthogonal subchannels. However, in wireless communications, it is not viable to meet
the strict distance requirements since user equipment is portable. We propose asymptotic orthogonal space
shift keying with mobile stations. The asymptotic orthogonal space shift keying approaches orthogonal
subchannels for a large number of transmitter and receiver antennas in correlated subchannels. This result is
valuable for future wireless MIMO communications in mmWave frequencies. The massive MIMO renders
the subchannel correlation symmetrical so that they can cancel each other. The example correlation model
is employed for a numerical illustration. The proposed performance analysis is based on a large number of
miniaturized antennas available in mmWave frequencies.
INDEX TERMS Spatial modulation, space shift keying, massive MIMO, millimeter-wave frequencies.
I. INTRODUCTION
Transmissions with millimeter-wave (mmWave) have been
used for very high throughput wireless local area net-
works (WLAN) and personal area network (PAN) systems
in unlicensed 60 GHz bands. While these systems offer
rates in excess of 1 Gbps, the links are typically for short-
range or point-to-point line-of-sight (LOS) settings [1], [2].
Moreover, small mmWave wavelengths make it practical to
build very large antenna arrays to provide further gains from
spatial isolation and multiplexing [3]. The very small wave-
lengths of mmWave signals, combined with advances in low-
power complementary metal-oxide-semiconductor (CMOS)
radio frequency circuits, enable large numbers of miniatur-
ized antennas to be placed in small dimensions [4].
Spatial modulation (SM) is a transmission technique that
uses multiple antennas. The use of the transmit antenna
number as an information-bearing unit increases the overall
spectral efficiency [5]. A comprehensive frame work for
quadrature spatial modulation (QSM) in generalized fading
channels, with η − µ, k − µ, and α − µ distribution, is
presented in the presence of imperfect channel knowledge
and under correlated fading channels in [6], [7]. The obtained
The associate editor coordinating the review of this manuscript and
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results clearly show the influence of the fading parameters on
the average bit error rate (BER). On the other hand, a well-
known space-time technique is the Bell Labs layered space-
time (BLAST) architecture [8]. In fact, SM is a simpler
transceiver design and a higher energy efficiency due to the
fact that only a single antenna is active at a given instant,
and, furthermore, to a higher spectral efficiency compared
to conventional multiple-input and multiple-output (MIMO)
systems employing orthogonal space-time block codes [9].
Although having strong and well established competitors
such as vertical BLAST (V-BLAST) and space-time coding
(STC) systems, SM schemes have been regarded as possible
candidates for spectrum- and energy-efficient next generation
MIMO systems [10]. Besides, a generalized spatial modula-
tion (GSM) allows multiple transmitting antennas to transmit
different symbols at the same time instant, taking advantage
of the low complexity of SM and high multiplexing gain
of V-BLAST [11]. The GSM scheme improves the spectral
efficiency of SM by increasing the number of active transmit
antennas [10]. A GSM aided mmWave MIMO scheme with
a hybrid precoding is proposed to maximize the achievable
spectral efficiency [12]. Recently, a modulation classification
method is proposed formodulation type belonging to the fam-
ily of SM - the space shift keying (SSK) modulation. There
are two information carrying units in SM: indices of transmit
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antenna and M -ary constellation symbols [10]. However,
SSK employs only indices of the transmit antenna exploiting
the spatial-constellation diagram for data modulation, which
results in a very-low complexity modulation concept for
MIMO systems [13].
Orthogonal space shift keying (OSSK) was proposed in a
LOS MIMO with parallel uniform linear antenna arrays for
indoor mmWave communications. The corresponding BER
performance was presented [14]. However, OSSK imposes
restrictions on the transmitter (TX) and receiver (RX) dis-
tance, TX antenna spacing, and RX antenna spacing to
maintain orthogonal subchannels. With portable user equip-
ments (UE) in wireless communications, it may not be fea-
sible to satisfy the requirements of OSSK. In this paper
we investigate the BER performance of massive MIMO in
mmWave communications [15], [16]. With the emerging
technologies, we show that SSK technique can achieve the
performance of OSSK asymptotically in correlated channels
as the number of antennas increases. We call this mod-
ulation technique asymptotic orthogonal space shift key-
ing (AOSSK). It is important to note that AOSSK does not
require any restriction on the transmitter and receiver distance
to maintain orthogonal subchannels.
The contribution of this paper is to show that space shift
keying provides orthogonal subchannels asymptotically as
the number of antennas increases in a massive MIMO with-
out imposing a rigid restriction on the distance between
the transmitter and receiver, and antenna spacing. Therefore,
the same performance of OSSK can be achieved in a massive
MIMO with mobile stations rather than fixed stations in
a conventional OSSK. Recently, spatial-multiplexing aided
spatial modulation [17], RF-aided spatial modulation [18]
and quadrature spatial modulation [19] have been introduced
in literature to exploit the diversity of space-time block cod-
ing (STBC). The schemes exploit the diversity advantage of
space-time block coding employing high performance com-
pressive sensing detectors with substantially reduced com-
plexity. In particular, generalized quadrature spatial modu-
lation amalgamates the quadrature spatial modulation and
spatial multiplexing to achieve a high throughput with a low
number of radio frequency (RF) chains [20]. In order to
further increase the throughput, the enhanced STBC diversity
schemes can be integrated into our proposed AOSSK.
As the operating frequency of wireless communications
ever increases, the signal wavelength will eventually become
so small that massive MIMO can be practically feasible as
industrial standards. Unfortunately, with the current technol-
ogy, the number of paths and the delay spread are shown
correlated for the corridor and the LOS hall in mmWave fre-
quencies [21]. The channel correlations in MIMO [22], [23]
and massive MIMO [24], [25] as well as in Rayleigh [26]
and Nakagami [27] fading channels are extensively studied.
Besides, the detailed statistical mmWave channel models are
provided for several key channel parameters, and the spatial
channel is modeled as a correlated Kronecker model [4].
Therefore, AOSSK can be usefully employed in mmWave
FIGURE 1. LOS-MIMO with parallel uniform linear antenna arrays for
indoor mmWave communications.
frequencies with correlated massive MIMO to achieve
OSSK performance without TX and RX distance restriction.
We derive the BER performance of AOSSK, and present
an illustration of the AOSSK performance with an exam-
ple correlation model. Analytical and simulation results are
also presented for verification. The proposed AOSSK can be
applied to cellular systems as well as indoor WLAN or PAN.
OSSK and AOSSK are introduced in section II and III,
respectively followed by the performance analysis in
Section IV. Numerical results as well as simulation results
are presented in Section V. Finally, we conclude our paper in
Section VI.
II. ORTHOGONAL SPACE SHIFT KEYING
We assume P transmit antennas and M receive antennas,
where P is the power of 2, i.e., P = 2K for OSSK imple-
mentation. The channel gain from the TX antenna p to the
RX antenna m can be denoted as αmp = |αmp|e−jkdmp where
k = 2π/λ is the wavenumber corresponding to the wave-
length λ, and dmp is the distance between RX antenna m and
TX antenna p. The small channel gain |αmp| is negligible in











e−jkdM1 · · · e−jkdMP
 .
(1)
LOS channels are not inherently correlated, and high capac-
ity can be achieved by proper placement of transmitter
and receiver antennas. A method to achieve orthogonal-
ity between the spatially multiplexed MIMO signals in
LOS channels is given by employing specifically designated
antenna array geometries [28]. The distance D between TX
and RX, and antenna spacing s1 and s2 are shown in Fig. 1.
Orthogonal subchannels can be achieved when
s1s2 ≈ nDλ/M (2)
where n 6= qM/p with positive integers n, q, and ∀p ∈
{1, 2, . . . ,P − 1}. The antenna elements are positioned to
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preserve orthogonality and, hence, maximize the LOS chan-
nel rank. The orthogonality of two column vectors of the
channel matrix H is defined as
M∑
m=1
e−jk(dm1−dm2) = 0 (3)
so that the two signals from TX antenna 1 and antenna 2 are
to be orthogonal each other. The BER probability of OSSK is
presented in [14].
The IEEE 802.11ad standard is aimed at providing data
throughput of up to 7Gbps in the 60GHzmmWave frequency
band. In WLAN such as IEEE 802.11ad WiGig, it is hard
to maintain orthogonal subchannels between access points
and UE such as smartphones, portable PCs, and tablets.
Therefore, a specifically designed antenna array geometry
for orthogonal subchannels can hardly support even indoor
WLAN. In the following, we show that the equivalent per-
formance can be asymptotically achieved in indoor commu-
nications as well as cellular systems, whether channels are
correlated or not. The result can be compared to the BER of






















































where the approximation is introduced sincewe take only first
two terms in the summation for the operating signal-to-noise
ratio (SNR). In Fig. 2, we compare the OSSK performance
in (4) to its approximation (8). We can see that there is only
a slight difference at a low SNR. Therefore, we can use a
simpler form of (8) for the AOSSK performance analysis in
the followings.
FIGURE 2. BER (4) and its approximation (8); OSSK; P = 4,8,16,32,
M = 8,16,32,64.
III. ASYMPTOTIC ORTHOGONAL SPACE SHIFT KEYING IN
CORRELATED CHANNEL
Massive MIMO is based on the premise that as P → ∞,
under favorable propagation conditions, the individual user
channels become spatially decorrelated and pairwise orthog-
onal [15]. With P number of TX antennas, SSK can com-
municate an P-ary symbol, which conveys the information
of K bits. A TX antenna with the index p transmits a signal
of SSK. Then, the received signal at the mth RX antenna can
be shown as
ym = αmpA+ nm, m = 1 . . .M , p = 1 . . .P (9)
where A is the amplitude of the transmitted signal, and nm is
independent complex noise with zero mean and variance 2σ 2.
The symbol αmp = |αmp|ejφmp , where −π < φmp < π
with a uniform probability density function (pdf), P8mp (φ) =
1/(2π ). |αmp| is the channel gain between TX antenna p
and RX antenna m [29]. The performance of fading chan-
nels is extensively quantified at a high SNR in [30]. Note
that we include the random channel phase shift φmp in the
channel parameter αmp as well as the channel gain |αmp|
unlike the OSSK in Section II. This general channel model
can be applied to cellular communication as well as indoor
communication.
With perfect channel state information, the detection vari-










where Re[·] indicates the real part, and the superscript ∗
denotes the complex conjugate. Under the assumption that
the symbol was transmitted from TX antenna p, we can find
VOLUME 7, 2019 93623
W. M. Jang: Asymptotic Orthogonal Space Shift Keying in Massive MIMO Systems




















where we use σ 2 in (12) instead of the complex noise vari-
ance of 2σ 2 because only the real part is taken. Under the
assumption that noise nm are independent ∀m, the pdf of the





2/2σ 2n . (13)































= σ 2n (17)
which is the same as in (12).
Let us consider an independent channel matrix Hw with
Hw(i, j) = βij (18)
where βij = |βij|eφij are independent for all i, j. For p 6= q
α∗mqαmp = |βmqβmp|e
j(φmp−φmq) (19)
and the phase φmp − φmq is uniformly distributed for −π <
φmp − φmq < π . On the other hand, the correlated fading
matrix for mmWave frequencies can be presented as [31]:
Hcorr = R1/2r HwR
1/2
t (20)
where Rr and Rt denote the receiver and transmitter spatial
correlation matrices, respectively, for antenna array. Rr and
Rt can be obtained from measurement-based spatial auto-
correlation of each path amplitudes or directly from mea-
sured angle of departure (AOD) and angle of arrival (AOA)
power angular spectra [32], [33]. Note that Rr = Rt = I
for independent channels, where I is the identity matrix.
For an illustration, we employ two different transmitter and
receiver correlation matrices for the maximum correlation of
ρmax = 0.01 and ρmax = 0.1 as given in (21) and (22), as
shown at the bottom of this page, respectively.
For maximum ratio combining (MRC), the characteris-
tics of the channel matrix (HHcorrHcorr ) is crucial, where the
superscript H indicates the Hermitian transpose. We present
the diagonal dominance of (HHcorrHcorr ) in Figs 3 and 4
for independent channel and correlated channel, respectively.
We can see that both channels become orthogonal as the







1 0.01 0.001 0 0 0 0 0
0.01 1 0.01 0.001 0 0 0 0
0.001 0.01 1 0.01 0.001 0 0 0
0 0.001 0.01 1 0.01 0.001 0 0
0 0 0.001 0.01 1 0.01 0.001 0
0 0 0 0.001 0.01 1 0.01 0.001
0 0 0 0 0.001 0.01 1 0.01









1 0.1 0.01 0.001 0 0 0 0
0.1 1 0.1 0.01 0.001 0 0 0
0.01 0.1 1 0.1 0.01 0.001 0 0
0.001 0.01 0.1 1 0.1 0.01 0.001 0
0 0.001 0.01 0.1 1 0.1 0.01 0.001
0 0 0.001 0.01 0.1 1 0.1 0.01
0 0 0 0.001 0.01 0.1 1 0.1
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FIGURE 3. Asymptotic orthogonal channel; independent channel;
M = P = 8,32,64,256.
FIGURE 4. Asymptotic orthogonal channel; correlated channel with







R1/2r (m, i)Hw(i, k)R
1/2
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R1/2t (k, p)E{|βik |
2
}. (27)
We can assume E{|βik |2} = 1 to maintain the average
received power same with and without fading. Since only
neighboring antennas have a nonzero correlation, there are
only a few fractional values around the unit diagonal value.
Therefore, E{α∗mqαmp} does not increase with M and P as
shown in TABLE 1. The value vanishes as the difference of
p and q is large such as (p, q) = (3, 8) in TABLE 1. Hence,










E{α∗mqαmp} = 0. (28)














































Rr (m, i)Rt (k, p)E{|βik |2}. (31)
From (26) and (27), we can see that the probability density
function (pdf) of the phase of α∗mqαmp is symmetric around
zero in correlated fading. The simulation results of the phase
in independent channels and correlated channels with the
maximum 10% correlation, are presented in Fig. 5 for P =
M = 16. We can see that the phase is uniformly distributed in
independent channels and nonuniform in correlated channels.
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TABLE 1. Values of E{α∗mqαmp}, E{|βik |
2} = 1, channel correlation ρmax = 0.1.
FIGURE 5. Histogram; Phase{α∗mqαmp} = φmp − φmq; P = M = 16.
However, both cases are centered around zero. As the num-
ber of transmit and receive antennas increases, αmp in (23)
becomes a complex Gaussian random variables by the cen-
tral limit theorem. Therefore, its magnitude square |αmp|2
becomes chi-square distributed, and the phase of α∗mqαmp is
uniformly distributed. Hence, in massiveMIMO, the phase in
correlated channels as well as independent channels becomes
uniformly distributed as shown in Fig. 6 for P = M = 512.
IV. PERFORMANCE ANALYSIS
Note that we use the same notation σ 2n in (12) and (17) assum-
ing the same fade parameter in each subchannel. Hence,





2/2σ 2n . (32)
The decision variables Yp and Yq both have a normal distri-
bution with Yp ∼ N (myp , σn) and Yq ∼ N (0, σn). Since TX




max Yp, p = 1, . . .P (33)
FIGURE 6. Histogram; Phase{α∗mqαmp} = φmp − φmq; P = M = 512.
which is the maximum-likelihood (ML) detector for SSK.
Observing (16) and (28), we can see that our system is asymp-
totically orthogonal or AOSSK as P → ∞ and M → ∞.
AOSSK indicates that SSK in correlated or uncorrelated
channels approaches OSSK as the size of the massive MIMO
grows, without any restriction on the distance between TX
and RX antennas or antenna spacing. Note that there is no
restriction on the fading parameter βmp. Therefore, the pro-
posed AOSSK can be applied to outdoor cellular systems as
well as wireless LAN or PAN.
The channel fading vector Eαm =
[
αm1, . . . , αmP
]
rep-
resents a vector of fading random variables at the receiver
antenna m. Let us assume the signal transmitted from the
TX antenna p. Then, the conditional probability of correct















PEαm (Eα)dyd Eα (34)
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PEαm (Eα)dyd Eα. (35)




























PEαm (Eα)dzd Eα. (36)
If we assume the same fading parameter for all RX antennas,










































1− (1− Q(√ᾱ2MK Eb
No
))P−1 (39)
where we employ A2 = KEb, i.e., the symbol energy is
equal to K times the bit energy, and a two-sided noise power
spectral density σ 2 = No/2. We can approximately obtain
the diversity factor MK . Note that the diversity gain is linear
with the number of RX antennas and logarithmic with that of


































where the approximation is introduced sincewe take only first
two terms in the summation for the operating SNRs.
FIGURE 7. BER performance; AOSSK; P = 8, M = 8,16,32,64.
FIGURE 8. BER performance; AOSSK; P = 16, M = 16,32,64,128.
V. NUMERICAL RESULTS
Figs. 7 and 8 exhibit the analytical and simulation BER of
AOSSK. The unit magnitude of fading is maintained for
an accurate comparison with the OSSK in [14]. In Fig. 7,
we employ P = 8 TX antennas, and can see that the BER
performance is enhanced as the number of RX antennas
increases from 8 to 64. As the number of TX antennas
doubles, the performance also improves in Fig. 8 since the
diversity factor is approximately MK with K = log2(P).
We can also see that the simulation result is closer to the
analytical result as the number of antennas increases in
both Figs. 7 and 8. For the same number of TX antennas,
the simulation result approaches the corresponding analytical
result faster with a larger number of RX antennas. With a
small number of TX and RX antennas, the simulation BER
and analytical BER exhibit a discrepancy at a high SNR,
VOLUME 7, 2019 93627
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FIGURE 9. BER performance; AOSSK and OSSK; P = 4,8,16,32,
M = 4,8,16,32.
FIGURE 10. BER performance; AOSSK and OSSK; P = 4,8,16,32,
M = 8,16,32,64.
because asymptotic orthogonality has not been reached yet.
In massive MIMO systems, TX and/or RX are equipped with
a large number of antenna elements (typically tens or even
hundreds) [2]. Hence, the analytical BER of AOSSK should
agree well with the corresponding simulation BER in practi-
cal massive MIMO scenarios.
Figs. 9 and 10 compare the analytical result of AOSSK to
that of OSSK with the strict geometrical restrictions in [14].
We choose |βmp| = 1 for a fair comparison of AOSSK
and OSSK. The BER performance is shown for the same
number of TX and RX antennas in Fig. 9 and doubling RX
antennas in Fig. 10. In fact, we can see that the simulation
result of OSSK exhibits closer resemblance to the AOSSK
analytical result rather than that of the OSSK as shown in
Fig. 9. At a high SNR, the BER of AOSSK approaches that
FIGURE 11. BER performance; AOSSK; ρmax = 0.01; P = 4,8,16,
M = 4,8,16.
FIGURE 12. BER performance; AOSSK; ρmax = 0.1; P = 4,8,16,
M = 4,8,16.
of OSSK. However, AOSSK displays a better performance at
a low SNR. The difference between OSSK and AOSSK tends
to vanish as the number of TX and RX antennas increases
because the asymptotic orthogonality can be established bet-
ter for a larger number of antennas.
For an illustration, we employ two correlation matri-
ces with the maximum correlation (ρmax) of 1% and 10%
in (21) and (22), respectively. We can hardly see any dif-
ference between independent and correlated channels for
1% correlation in Fig. 11. However, the difference becomes
obvious for 10 % correlation in Fig. 12. Fortunately, the
discrepancy is reduced for a larger number of antennas. The
gap between independent and correlated channels is evident
for four TX antennas and four RX antennas. Nonetheless,
the gap already disappears for 32 TX and 32 RX antennas.
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FIGURE 13. BER performance; AOSSK; ρmax = 0.1; M = P = 64,128,256.
FIGURE 14. BER performance; AOSSK; antenna spacing = (3/8)λ, (1/2)λ;
M = P = 64,128,256.
Therefore, the proposed AOSSK would be a viable modula-
tion candidate for a massive MIMO system that can employ
tens and hundreds of TX or RX antennas [2].
The simulation BER of a larger number of antennas is
shown in Figs. 13 and 14. In Fig. 13, we compare the sim-
ulation BER to the closed-form performance analysis in (42).
We can see that the analytical BER agrees with the corre-
sponding simulation result for all cases at a medium or high
SNR which is presumably the system operating point. The
simulation BER performance of different antenna spac-
ing is displayed in Fig. 14. A half wavelength antenna
spacing, (1/2)λ, introduces independent fading while (3/8)
wavelength antenna spacing shows a substantial correla-
tion [25]. However, the performance gap diminishes as the
number of antennas increases in a massive MIMO as we
expected.
VI. CONCLUSION
OSSK in literature imposes restrictions on the distance
between access point and UE to maintain orthogonal sub-
channels in indoor mmWave communications. In fact, this
limit is not practical in wireless communications with mobil-
ity. In this paper we show that the equivalent performance
can be achieved without any restriction on the distance
with massive MIMO in moderately correlated channels.
As the number of TX and RX antennas increases, the SSK
in correlated or uncorrelated channels becomes asymptot-
ically OSSK. The analytical result as well as simulation
result is shown for verification of the proposed AOSSK. This
research result is important since the subchannel correlation
is expected as the operating frequency moves to higher fre-
quencies, and thewavelength becomes smaller withmmWave
communication trends. The antenna spacing can be still rel-
atively small enough to cause correlated subchannel fading.
The proposed AOSSK is timely to ameliorate the effects of
the correlated channel output in mmWave frequency. For an
illustration, we presented an example correlation model in
MIMO to obtain the corresponding analytical performance
and simulation result. The proposed AOSSK can be applied
to wireless cellular systems as well as indoorWLAN or PAN.
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